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CHARACTER AND GEOLOGIC €TABITAT OF POTENTIAL DEPOSITS OF 

WATER, CARBON, AND RARE GASES ON THE MOON 

by 
Donald P. E l s ton  

In t roduc t ion  

A p a r t l y  s e l f - s u s t a i n i n g  lunar base would f a c i l i t a t e  extend- 

ed manned e x p l o r a t i o n  of space. I t  could se rve  as a c e n t e r  f o r  

geo log ica l  and geophysical i nves t iga t ions  of t he  moon, f o r  moon- 

based astronomical  and geophysical s t u d i e s  of  space, and as a re- 

f u e l i n g  s t a t i o n  and p o i n t  of departure  f o r  manned f l i g h t s  t o  o t h e r  

p l ane t s .  Of importance t o  the  establ ishment  and maintenance of 

such a base would be the  a v a i l a b i l i t y  of materials i n  which t h e  

l i g h t  elements--hydrogen, oxygen, carbon, and perhaps even n i t r o -  

gen--are r e l a t i v e l y  abundant and f a i r l y  e a s i l y  e x t r a c t a b l e .  Com- 

pounds of these could be used t o  support l i f e  (perhaps even loca l -  

l y  t e r r e s t r i a l i z e  a small p a r t  o f  the lunar  environment) and t o  

provide f u e l  f o r  the lunar base,  lunar exp lo ra t ion  v e h i c l e s ,  and 

i n t e r p l a n e t a r y  rockets .  

I n  the context  of p re sen t  knowledge of t h e  n a t u r e  of meteor- 

ites and lunar  c r a t e r  m a t e r i a l s ,  t h i s  paper b r i e f l y  reviews c i r -  

cums tan t i a l  evidence t h a t  the r i m  depos i t s  of c e r t a i n  lunar  c r a -  

ters may be b r e c c i a s  t h a t  c o n t a i n  water, carbon, and i n e r t  gases. 

If the  model proposed here  i s  v a l i d ,  t he  water would be l a r g e l y  

recoverable  by hea t ing  the brecciated rock t o  a few hundred de- 

g rees  Centigrade. Reserves may be ve ry  large.  Although most 

depos:ts of water-bearing rocks would probably be low grade (about  

1-2 weight pe rcen t  H 0 ) ,  high-grade d e p o s i t s  (perhaps 5 weight 

pe rcen t  o r  more H 0) may occur loca l ly .  F i n a l l y ,  a r a t h e r  s p e c i a l  

type of permafrost  a l s o  may be p re sen t  i n  some depos i t s .  

2 

2 

Compositional C h a r a c t e r i s t i c s  and I n f e r r e d  Sources of 

Ex t ra  t erre s t r i a  1 Mater ia 1s 

Assumptions fundamental t o  the model proposed i n  t h i s  paper 
are: (1) meteo r i t e s  f a i r l y  w e l l  r ep resen t  t h e  composition of 
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e x t r a t e r r e s t r i a l  materials and have been de r ived  from more than 

one source; (2)  the sources may include the comets, the a s t e r o i d s ,  

and the moon; a suggested c o r r e l a t i o n  of me teo r i t e s  and sources ,  

shown i n  a proposed gene t i c  c l a s s i f i c a t i o n  of t h e  me teo r i t e s  

( t a b l e  l ) ,  is adopted as a working model; and, (3 )  polymict me- 

t e o r i t e  b r e c c i a s ,  which d i s p l a y  mixtures of materials of d i f f e r e n t  

meteori te  c l a s s e s ,  may have formed dur ing  c o l l i s i o n s  o r  impacts,  

and thus may be phys ica l  records of comet-asteroid c o l l i s i o n s ,  

i n t e r a s t e r o i d a l  c o l l i s i o n s ,  and impact of t h e  moon by cometary 

and a s t e r o i d a l  materials. Some of t he  polymict b r e c c i a s  are 

water bea r ing  and con ta in  more than 1 weight percent  H 0. It is  

these b r e c c i a s  t h a t  we s h a l l  be concerned wi th  i n  t h i s  paper. 
2 

The compositions of s e v e r a l  me teo r i t e  classes are summarized 

i n  table  2. I n  the carbonaceous me teo r i t e s  ( chondr i t e s  and achon- 

d r i t e s ) ,  water i s  appa ren t ly  indigenous t o  f ine -g ra ined  hydrated 

magnesium s i l i c a t e s  t h a t  form the matr ix  of the rock. I n  the  

carbonaceous chondr i t e s ,  t he  hydrated s i l i c a t e s  are commonly re- 

f e r r ed  t o  as l aye r  l a t t i c e  s i l i c a t e s  ( f o r  example, see Fredriksson 

and K e i l ,  1964) and include material t h a t  has been i d e n t i f i e d  as 

the c h r y s o t i l e  v a r i e t y  of s e rpen t ine  (Mason, 1962). I n  the O r -  

g u e i l  carbonaceous achondr i t e ,  t h e  material has been r e f e r r e d  t o  

as bituminous c l a y  and descr ibed as an i r o n - r i c h ,  aluminum-poor 

s e p t e c h l o r i t e  ( B o s t r h  and Fredriksson,  1966), which Mason (1967a) 

suggests is poss ib ly  b e s t  descr ibed as a f e r r i c  chamosite. Most 

of the w a t e r  i n  t he  carbonaceous me teo r i t e s  i s  r e l eased  above 

110°C ( s e e  Wiik, 1956). Water i n  the  l i q u i d  s ta te  appears t o  have 

once been p resen t  i n  some carbonaceous achondr i t e  material. This 

i s  in fe r r ed  from the presence of a v e i n  of magnesium s u l f a t e  i n  

the  Orgueil me teo r i t e  (DuFresne and Anders, 1963, p l .  1). 

A s  i n  t he  v o l a t i l e - r i c h  carbonaceous m e t e o r i t e s ,  water i n  

the  pigeoni te  chondr i t e s  a l s o  appears t o  be i n t r i n s i c  t o  the rock, 

and i s  appa ren t ly  a s s o c i a t e d  wi th  carbonaceous material i n  t h e  

chondri te  matr ix  t h a t  accumulated a t  the  t i m e  of acc re t ion .  These 

me teo r i t e s ,  which c o n t a i n  up t o  about 1.75 pe rcen t  H 0 ,  are poorer 
2 
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FAMILY 

class--- - --_- 

Texture-- - - -- 

VOLATILE- RICH VOLATILE-POOR 
METEORITES METEORITES 

CALCIUM-POOR CALCIUM- R I C H  

Carbonaceous Ol iv ine-p igeoni  te O l i v i n e  Pyroxene-p lag ioc lase  
me teo r i t e  hypers thene  

Chondrite Achondrite Chondri t e  Achondrite Chondrite Achondrite 
~ 

1 Type, O r  
common name-- Type I1 

~ 

Type 111' Ure i l i t e  Type I 

I I 
I 

27.31 

19.00 

20.06 
--- 
2.31 

2.03 

.54  

.05 

.39 

.17 

. 10 

.27 

13.23 

1.56 

Hyper- 
s thene 

a n o r t h i t e  
(howardite) 

Total------ 

Fes ---__- _ _ _ _  

Pigeon i t e -  
a n o r t h i t e  
( e u c r i t e )  

87.02 

Number of 

averaged--- 
m e  te o r  i t e s 

0.16 

8. 587 

2.44 

1.80 

- 

8 

8' 32 52 z3 684 85 l6 u5 
( Bununu) 

23.08 33.75 

15.56 23.86 

10.32 24.32 

1.77 2.65 

1.51 2.32 

.76 .55 

.07 .05 

.28  .51  

. 19 .20 

. 08  . 12 

.27 .32 

20.54 1.00 

1.17 .33 

75.60 89.98 
- - 
- - 

0.11 2.34 

.02 1.08 

. 00 .06 

2 C l a s s i f i c a t i o n  1 of Wiik (1956).  

3Wiik ( 1956). 
4From compi l a t ion  of Wood (1963, t a b l e  10). 
5Mason ( 1965). 
6Urey and Cra ig  (1953). 
Mason (1967b) .' 

38.90 39.87 49.27 48.67 47.60 

35.73 25.16 11.76 14.20 8.46 

12.73 14.66 15.58 16.04 15.58 
--- 1.56 

2.51 9.95 

1.89 7 .71  

.95 1.06 

. 15 .36  

.45 .53  

.29 .66  

. 15 . 10 

.27 .08  

--- 
8.87 

6.77 

.34 

.04  

.56  

.53 

.11 
_-- 

. 98  

13.01 

10.18 

.43  

.06  

.36 

.47 

.43  

.09 

8. 13 6.28 0.35 1.01 1. 18 

. 15 1.10 . 10 .06  --- 
--- .059 --- --- --- 

'Wiik (1956) r e p o r t s  a l l  s u l f u r  as FeS. 
Carbonaceous m e t e o r i t e s ,  however, are n o t  
c h a r a c t e r i z e d  by t r o i l i t e .  Rather t h e  s u l -  
f u r  is p r e s e n t  as s o l u b l e  s u l f a t e s  and 
e l emen ta l  S (DuFresne and Anders, 1962),  and 
as p e n t l a n d i t e  (F red r iks son  and K e i l ,  1964). 
Some of t h e  i r o n  r epor t ed  as FeS, t hus ,  pro- 

Loss on i g n i t i o n .  Wiik (1956) cons ide r s  t h i s  
l o s s  approximate ly  equa l  t o  t h e  con ten t  o f  
complex o rgan ic  matter. 

8pe r ly  should  b e  r epor t ed  as FeO. 
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i n  hydrated magnesium s i l icates  and are r i c h e r  i n  anhydrous mag- 

nesium s i l i c a t e s  than the carbonaceous chondri tes .  The carbonace- 

ous meteori tes  and t h e  p i g e o n i t e  c h o n d r i t e s ,  i n  a d d i t i o n  t o  con- 

t a i n i n g  water, a l s o  are c h a r a c t e r i s t i c a l l y  r i c h  i n  rare gases  

( f o r  example, see S igne r  a n d ' s u e s s ,  1963). I n  c o n t r a s t ,  most 

s tony  meteori tes  are e s s e n t i a l l y  anhydrous, are n o t  c h a r a c t e r i z e d  

by abundant rare gases  , and l ack  carbonaceous matter. 

include t h e  hypersthene chondr i t e s  and most of t h e  pyroxene- 

p l ag ioc la se  achondr i t e s  ( t a b l e  2) .  

Examples 

Some me teo r i t e s  t h a t  c o n s i s t  p r i n c i p a l l y  of anhydrous s i l i -  

cates a r e  water bearing. 

commonly d i s p l a y  a l i gh t -da rk  s t r u c t u r e .  The dark p a r t s  c o n t a i n  

carbon and rare gases ,  and i t  i s  assumed t h a t  the water r e l e a s e d  

during a n a l y s i s  is a s soc ia t ed  wi th  t h e  carbonaceous matter. An 

example o f  such water-bearing b r e c c i a s  are the  p i g e o n i t e  achon- 

d r i t e s  o r  u r e i l i t e s  ( t a b l e  2 ) ,  i n  which carbonaceous matter (and 

diamond) occurs i n  f r a c t u r e d  o l i v i n e  and clinopyroxene ( s e e  Carter 

and Kenndey, 1964, f i g .  7). These me teo r i t e s  are r i c h  i n  f r a c -  

t ionated rare gases ( s e e  Anders, 1964, t a b l e  8) , and the source 

of the water-bearing carbonaceous material may have been unmeta- 

morphosed p igeon i t e  chondr i t e  materials. 

These me teo r i t e s  are b recc ia t ed  and 

A f e w  pyroxene-plagioclase ( b a s a l t i c )  achondr i t e s  c o n t a i n  

carbonaceous matter; i n  these  , urifract ionated rare gases char-  

a c t e r i s t i c a l l y  occur i n  the  da rk  p a r t s  of h igh ly  b r e c c i a t e d  mate- 

r ia ls  t h a t  show a l igh t -da rk  s t r u c t u r e .  Light-dark s t r u c t u r e  i s  

a compositional f e a t u r e  t h a t  i s  p e c u l i a r  only t o  b r e c c i a t e d  me- 

t e o r i t e s .  The l i g h t  p a r t s  c o n s i s t  of t y p i c a l  pyroxene-plagioclase 

me teo r i t e  material; the  f a i r l y  l i g h t  gray a s p e c t  is a t t r i b u t a b l e  

t o  a milkiness t h a t  w a s  developed i n  the  f e l d s p a r  as t h e  r e s u l t  

of b recc ia t ion .  The da rk  p a r t s  are d i f f u s e l y  grayer. They d i s -  

p l a y  i r r e g u l a r ,  extremely sharp c o n t a c t s  w i th  the  l i g h t  g ray  mate- 

rial. The l i gh t -da rk  c o n t a c t s  are n o t  c h a r a c t e r i z e d  by obvious 

changes i n  t ex tu re .  Rather,  t h e  darkened material i s  b r e c c i a  t h a t  

appears t o  have been pe rvas ive ly  darkened by the  a d d i t i o n  of some 

4 



f a i r l y  e a s i l y  d i f f u s i b l e  f o r e i g n  material. 

is  v i s i b l e  i n  photographs of t h e  Kapoeta howardite (Signer  and 

Suess ,  1963) and the Jodz ie  howardite (Duke and S i l v e r ,  1967, f i g .  

Light-dark s t r u c t u r e  

12). 

The da rk  p a r t s  of t he  Kapoeta and Jodz ie  howardites are rare- 

gas bear ing,  whereas the  l i g h t  p a r t s  are not  (Signer  and Suess,  

1963; Mazor and Anders, 1967). The rare gases i n  Kapoeta are un- 

f r a c t i o n a t e d  ( a r e  n e a r l y  i n  solar p ropor t ions ) ,  whereas rare 

gases  i n  unbrecciated me teo r i t e s  such as the carbonaceous and 

p igeon i t e  chondri tes  a r e  f r a c t i o n a t e d  ( s e e  Anders, 1964, t a b l e  8 ,  

f i g .  25, and discussion) .  P. Ramdohr ( c i t e d  i n  M G l l e r  and 

Zzhringer ,  1966) has reported t h e  presence of chondrules and car- 

bonaceous l a y e r  l a t t i ce  material in Kapoeta. Mcller  and Zahringer 

(1966) have suggested t h a t  the r a r e  gases  i n  Kapoeta were emplaced 

by carbonaceous me teo r i t e  mater ia l .  Mazor and Anders (1967) pro- 

posed t h a t  Jodz ie  w a s  invaded by a "carrier" of carbonaceous me-  

t e o r i t e  composition as the r e s u l t  of impact. They suggested t h a t  

t h e  "carrier" contained a generous quota  of s o l a r  gases ,  acquired 

du r ing  exposure t o  the  s o l a r  wind. More probably,  t he  source of 

t he  gases and l a t t i c e  s i l i c a t e s  was i c y  carbonaceous me teo r i t e  

(cometary) material i n  which s o l a r  proport ions of the rare gases 

had been preserved from the  t i m e  of acc re t ion .  

Water has not  been r epor t ed  for  Kapoeta and Jodz ie ,  bu t  i t  

may be present .  Water has been reported f o r  the b recc ia t ed  

howardite,  Bununu ( t a b l e  2) , b u t  l i gh t -da rk  s t r u c t u r e  w a s  not  

mentioned and the a n a l y s i s  does not record the  presence of carbon 

(Mason, 1967b). By analogy wi th  other  m e t e o r i t e s ,  Bununu may con- 

t a i n  carbon and rare gases,  A fou r th  howardite t h a t  may have been 

invaded by carbonaceous me teo r i t e  materials i s  Frankfort .  It i s  

r epor t ed  t o  c o n t a i n  0.24 weight percent carbon (Mason and Wiik, 

1966, t a b l e  3 ) .  L a s t l y ,  one b recc ia t ed  e u c r i t e ,  Haraiya,  con ta ins  

0.25 weight pe rcen t  carbon (Carleton B. Moore, 1968, personal  

commun.). 

Haraiya are unknown. Haraiya does n o t  d i s p l a y  obvious l i g h t - d a r k  

The rare gas and water con ten t s  of F rankfo r t  and 
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s t r u c t u r e ,  bu t  i t  i s  grayer  than o t h e r  b r e c c i a t e d  e u c r i t e s  t h a t  

are carbon-free. The presence of a s s o c i a t e d  carbon, rare gases ,  

and water i n  b recc ia t ed  rocks t h a t  are normally anhydrous is 

i n t e r p r e t e d  t o  be t h e  r e s u l t  of mechanical mixing du r ing  b recc ia -  

t i o n ,  and t o  be evidence of invasion by hydrated carbonaceous 

me teo r i t e  materials. 

The foregoing d a t a  and r e l a t i o n s  i n d i c a t e  t h a t :  (1) water 

e x i s t s  i n  e x t r a t e r r e s t r i a l  materials appa ren t ly  i n  two forms--as 

o r i g i n a l  water ( i n  carbonaceous me teo r i t e s  and i n  the  carbonaceous 

matr ix  of r e l a t i v e l y  l i t t l e  metamorphosed c h o n d r i t e s ) ,  and i n  as- 

s o c i a t i o n  with carbonaceous material t h a t  w a s  introduced a t  the  

t i m e  of b r e c c i a t i o n  of anhydrous s i l i ca t e s ;  (2)  c e r t a i n  e x t r a t e r -  

r e s t r i a l  s i l i ca tes  ( t h e  l a y e r  l a t t i c e  s i l i c a t e s )  r e t a i n  water 

during b r e c c i a t i o n  and mild h e a t i n g  b u t  release i t  when heated t o  

a few hundred degrees Cent igrade;  and, (3)  water-bear ing b r e c c i a s  

contain a s soc ia t ed  carbon and rare gases.  

Some Geologic C h a r a c t e r i s t i c s  of t he  Moon 

General Composition 

Dark plains-forming material of Mare T r a n q u i l l i t a t i s  and 

Sinus Medii, and higher  albedo r i m  material of the  crater  Tycho 

i n  the sou the rn  highlands,  are g e n e r a l l y  similar i n  composition, 

as shown by a l p h a - s c a t t e r i n g  analyses  performed during Surveyor 

Missions V ,  V I ,  and V I 1  (Turkevich and o t h e r s ,  1967; Surveyor V I 1  

press conf. a t  NASA Hdqrs. , Turkevich, 1968). Their  composition 

i s  similar t o  t h a t  of b a s a l t  and a l s o  t o  t h a t  of the pyroxene- 

p l ag ioc la se  achondri tes  (Gaul t  and o t h e r s ,  1967), which Duke (1964) 

suggested are r e p r e s e n t a t i v e  of lunar  materials. On t h e  b a s i s  of 

r e l a t i v e  i r o n  con ten t s  and degree of b r e c c i a t i o n ,  Duke and Silver 

(1967) suggest  t h a t  the howardites may r e p r e s e n t  uplands materials, 

and the euc r i t e s - -mare ma t e r ia  1. 

There i s  some i n d i r e c t  evidence t h a t  t he  pyroxene-plagioclase 

achondri tes  are lunar  materials. The moon's average d e n s i t y ,  3.34 

g/cm , is less than t h a t  of the v o l a t i l e - p o o r  c h o n d r i t i c  me teo r i t e s  3 



. 

(see Wood, 1963, t a b l e  3). This appears t o  preclude a gene ra l  

c h o n d r i t i c  composition f o r  t h e  moon, o r  t he  e x i s t e n c e  of a s i g n i -  

f i c a n t  metallic core. 

the one r e l a t i v e l y  abundant c l a s s  of v o l a t i l e - p o o r  me teo r i t e s  

whose d e n s i t i e s  are appreciably lower than the  average d e n s i t y  of 

t he  moon. 

The pyroxene-plagioclase achondr i t e s  are 

Support f o r  t he  luna r  o r i g i n  of t he  pyroxene-plagioclase 

achondr i t e s  a l s o  e x i s t s  i n  t h e  n a t u r a l  remanent magnetic moments. 

The pyroxene-plagioclase achondri tes  d i s p l a y  ve ry  low remanent 

moments compared with the v o l a t i l e - p o o r  chondr i t e s  and the i rons  

(DuBois and E l s ton ,  1967) ; prel iminary thermal demagnetization 

s t u d i e s  have shown t h a t  t hese  achondri tes  a c q u i r e  a s t r o n g e r  re- 

manence on coo l ing  i n  the  e a r t h ' s  f i e l d  and thus could have ac- 

qu i r ed  a s t r o n g e r  moment when cooling i n  the  magnetic f i e l d  of 

t h e i r  pa ren t  body (DuBois and Elston, unpub. d a t a ) .  This suggests  

t h a t  t he  pa ren t  body of t he  pyroxene-plagioclase achondri tes  pos- 

s e s sed  a r e l a t i v e l y  weak magnetic f i e l d ,  perhaps because i t  lacked 

a f h i d - c o n d u c t i n g  core. 

L a s t l y ,  t he  r e f l e c t a n c e  of pyroxene-plagioclase achondr i t e s  

is markedly increased by b r e c c i a t i o n  because of a milky whiteness 

t h a t  develops i n  the contained p l ag ioc la se  f e l d s p a r  ( E l s t o n  and 

Ho l t ,  1967; and unpub. da t a ) .  Only these  me teo r i t e s  con ta in  ap-  

p r e c i a b l e  p l a g i o c l a s e ;  thus only they e x h i b i t  increased r e f l e c t -  

ance analogous t o  t h a t  of f r e s h l y  exposed presumably b recc ia t ed  

materials a t  the  lunar  surface.  For example, lunar  mare material 

i s  i n t r i n s i c a l l y  dark,  b u t  where i t  is exposed i n  c r a t e r  walls 

and i n  f r e s h  r i m  and ray materials of probable impact c r a t e r s ,  i t  

g e n e r a l l y  d i s p l a y s  a much higher  r e f l ec t ance .  The r ay ,  r i m ,  and 

w a l l  materials are i n f e r r e d  t o  be highly b r e c c i a t e d ,  and the  

change i n  r e f l e c t a n c e  may be the r e s u l t  of t he  development of 

milkiness  i n  f e l d s p a r .  Disaggregation of t he  b r e c c i a t e d  pyroxene- 

p l a g i o c l a s e  rock r e s u l t s  i n  a lowered r e f l e c t a n c e  ( E l s t o n  and Ho l t ,  

unpub. d a t a ) ,  which can p a r t l y  exp la in  the  apparent  loss of re- 

f l e c t a n c e  t h a t  occurs i n  o l d e r  r i m  and r a y  materials. Stony 
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meteori tes  t h a t  are made up dominantly of pyroxene and o l i v i n e  do 

n o t  show s u b s t a n t i a l  i nc reases  i n  r e f l e c t a n c e  un le s s  they are ve ry  

f i n e  ly comminuted. 

In summary, d i r e c t  and i n d i r e c t  evidence sugges t s  t h a t  t he  

composition of lunar  material's i s  c l o s e r  t o  t h a t  of t h e  pyroxene- 

p l ag ioc la se  achondri tes  than t o  t h a t  of t he  o t h e r  c l a s s e s  of me- 

t e o r i  tes. 

Lunar Geologic Processes  

Detai led geologic  mapping of t he  Colombo quadrangle ( f i g .  l), 
f i r s t  from ear th-based d a t a  and later from Lunar O r b i t e r  photo- 

graphs ( E l s t o n ,  1965; and unpub. map),  has l e d  t o  a th ree - fo ld  

d i v i s i o n  of su r face  materials: (1) materials modified o r  emplaced 

as the r e s u l t  of exogenetic processes ( m a t e r i a l s  a s s o c i a t e d  wi th  

c r a t e r s  of probable impact o r i g i n ) ;  ( 2 )  materials formed and em-  

placed by endogenetic processes ( p l a i n s  materials of probable 

volcanic  o r i g i n ,  and a s soc ia t ed  maar craters and c r a t e r e d  cones) ;  

and, 3) products of mass-wasting, i nc lud ing  material t r anspor t ed  

by impact-induced se i smic i ty .  

The processes r e s u l t i n g  i n  the  f i r s t  two classes of material 

are t h e  dominant ones. Although they are def ined as exogenet ic  

and endogenetic,  cause and e f f e c t  r e l a t i o n s h i p s  may e x i s t  between 

them. On a moon-wide b a s i s ,  t h e r e  appears t o  be a s p a t i a l  re- 

l a t i o n s h i p  between the d i s t r i b u t i o n  of plains-forming mare mate- 

r ia l s  and t h e  l o c a t i o n  of major basins .  However, materials a t  

the su r face  of the maria are considerably younger than the  bas ins  

and thus cannot be d i r e c t l y  r e l a t e d  t o  b a s i n  formation; t hey  ap- 

pea r ,  i n s t e a d ,  t o  r e s u l t  from hea t ing  wi th in  t h e  moon a t  some 

later time. Nonetheless,  al though da rk  mare material and o l d e r  

plains-forming materials of intermediate  albedo are c l a s sed  as 

endogenetic i n  o r i g i n ,  t h e i r  o r i g i n  may i n  some way be r e l a t e d  

t o  the process of formation and e v o l u t i o n  of t he  lunar  basins .  

On a l o c a l  s c a l e ,  plains-forming materials occur i n  t h e  

f l o o r s  and r i m  materials of a number of craters. Where observed 

i n  d e t a i l  i n  very young c r a t e r s  of probable impact o r i g i n ,  t he  
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plains-forming materials appear t o  have formed e i t h e r  immediately 

fol lowing o r  a t  some r e l a t i v e l y  s h o r t  t i m e  a f t e r  crater formation. 

Such d e p o s i t s ,  p a r t i c u l a r l y  i n  the  crater f l o o r s ,  may be the  re- 

s u l t  of volcanic  a c t i v i t y ,  perhaps induced and sus t a ined  by impact. 

I r r e g u l a r l y  s c a t t e r e d  r e l a t i v e l y  small d e p o s i t s  of p l a i n s  mate- 

r ials t h a t  occupy l o c a l  depressions i n  c r a t e r  r i m  materials appear,  

from s p a t i a l  cons ide ra t ions ,  t o  be r e l a t e d  t o  the r i m  materials 

r a t h e r  than t o  r e g i o n a l  lunar  f r a c t u r e  systems. I f  t h i s  is  the 

case, t h e s e  d e p o s i t s  may be the r e s u l t  of d e v o l a t i l i z a t i o n  of r i m  

materials and poss ib ly  may be a p e c u l i a r  form of "cold volcanism" 

r e l a t e d  t o  the  c r a t e r i n g  event.  

Exogenetic processes.--Cratering phenomenology has been des- 

c r ibed  i n  d e t a i l  f o r  the e a r t h  and moon by Shoemaker (1962, 1963). 

The type example f o r  a young, l a rge  lunar  impact crater is Coper- 

n i cus  and it  serves as the type c r a t e r  f o r  t h e  Copernican System 

(Shoemaker and Hackman, 1962). Such craters c h a r a c t e r i s t i c a l l y  

have s t e e p  t e r r aced  w a l l s ,  f l o o r s  t h a t  are a t  least p a r t l y  occupied 

by plains-forming materials, and c r a t e r  r i m  d e p o s i t s  t h a t  are more 

hummocky i n  t h e i r  inner  than i n  t h e i r  o u t e r  p a r t s .  The crater r i m  

materials grade outward i n t o  r a d i a l  r i m  f a c i e s ,  which i n  t u r n  can 

be t raced i n t o  r ay  and s a t e l l i t i c  (secondary) crater f a c i e s .  The 

d e t a i l e d  d i s t r i b u t i o n  of t he  c r a t e r  materials of Copernicus is 

shown i n  a r e c e n t l y  published geologic map (Schmit t  and o t h e r s ,  

1967). 

The e j e c t a  of young c r a t e r s  of probable impac t  o r i g i n  com- 

monly e x h i b i t s  a r e l a t i v e l y  high albedo and is i n f e r r e d  t o  be 

h igh ly  b recc ia t ed .  A t  low r e s o l u t i o n ,  t h e  high-albedo r i m  and 

r ay  materials of s m a l l  c r a t e r s  are seen as b r i g h t  halos.  With the  

passage of t i m e  t h e  r e f l e c t a n c e  of the b r e c c i a t e d  materials i n  de- 

p o s i t s  of low r e l i e f  appears t o  decrease u n t i l  t h e  materials no 

longer can be resolved from background materials. I n  c o n t r a s t ,  

crater w a l l  materials exposed i n  s t eep  s lopes  r e t a i n  much of t h e i r  

r e l a t i v e l y  high r e f l e c t a n c e ,  presumably because f r e s h  bedrock con- 

t i n u e s  t o  be exposed as disaggregated materials are t r anspor t ed  t o  
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F i g u r e  la. --Full-moon photograph taken a t  the  100- inch r e f l e c t o r ,  

M t .  Wilson Observatory. 
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Figure 1b.--Index map of the moon. Prominent rays are sketched 
approximately. 
similar halos around Anaxagoras, Aristarchus, Euctemon and 
Proclus are stippled. 
Mare Fecunditatis i s  shown i n  dotted l ine .  

Diffuse dark halo around Tycho and possibly 

Outline of concealed basin "deep" of 
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the  c r a t e r  f l o o r s  by mass wasting. The r i m  and r ay  materials of 

the b r i g h t  ha lo  c r a t e r s  commonly are blocky, and the inner  parts 

of the r i m  d e p o s i t s  a r e  hummocky. However, some young c r a t e r s  of 

probable impact  o r i g i n  do n o t  conform t o  the  foregoing gene ra l i za -  

t i ons .  

the r i m  m a t e r i a l s  a r e  wholly o r  p a r t l y  dark.  Where d a r k ,  t he  r i m  

ma te r i a l s  lack prominent blocks and appear t o  be anomalously 

smooth. I n  h igh - re so lu t ion  photographs these  m a t e r i a l s  commonly 

d i sp lay  a p e c u l i a r ,  d i f f u s e l y  darkened appearance,  almost as i f  

the photographs were out  of focus. It i s  these  c r a t e r s  and c ra -  

ter  ma te r i a l s  with which t h i s  p a p e r  i s  concerned, and it  i s  sug- 

gested t h a t  they may have formed by the  impact of cometary mate- 

rials. 

Cra t e r ing  by Poss ib l e  Cometary Materials 

Although the w a l l  materials of t hese  c r a t e r s  are b r i g h t ,  

Formation of Messier and Messier A.--Messier and Messier A 

are a pair of dark-halo c r a t e r s  excavated i n  Mare F e c u n d i t a t i s  

( f i g .  1). High-resolut ion O r b i t e r  V photographs r e v e a l  t h a t  they 

are enclosed by f a i r l y  f r e s h  r a d i a l  r i m  materials ( f i g .  2 ) ,  t he  

ropy t o  braided topographic c h a r a c t e r  of which is analogous t o  

rad ia l  r i m  m a t e r i a l s  of b r i g h t  ha lo  c r a t e r s  of probable impact 

o r ig in .  The r a d i a l  r i m  materials are asymmetrically disposed i n  

a north-south d i r e c t i o n ,  normal t o  t h e  long dimension of h igh ly  

e l l i p t i c a l  ( 9  x 17 km) Messier ,  and the  s l i g h t l y  e l l i p t i c a l  young- 

er pa r t  of Messier A ( s e e  topographic map of Colombo quadrangle,  

LAC 79, USAF Aeronaut ical  Chart  and Information Center ;  and the  

Lunar O r b i t e r  I V  photograph taken almost d i r e c t l y  above these  

c r a t e r s ) .  The c r a t e r  r i m  materials are smooth and da rk ,  and they 

crop o u t  as  a t h i n  da rk  l a y e r  i n  the  uppermost p a r t  of t he  c r a t e r  

w a l l s  ( f i g .  2b). The da rk  l a y e r  i s  pene t r a t ed  i n  Messier r i m  

ma te r i a l  by two younger b r i g h t  ha lo  craters,  which shows t h a t  

mare ma te r i a l  here  i s  t y p i c a l  of t h a t  elsewhere i n  t h a t  i t  d i s -  

plays high r e f l e c t a n c e  where e j e c t e d  from the  c r a t e r  as w e l l  as 

high r e f l ec t ance  i n  c r a t e r  w a l l s .  
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F i g u r e  2a . - -Geologic  s k e t c h  map and O r b i t e r  V photograph  (modera te  r e s o l u t i o n )  of t h e  Messier and 

Messier A area of Mare F e c u n d i t a t i s .  Mess i e r  is  approx ima te ly  9 km a c r o s s  no r th - sou th .  V i e w  f a c e s  

west. 

EXPLANATION 

Copern ican  Sys t e m  

Ccpm 

C m s ,  C m r  

C r  

C c r r  

Cc r s  

Ccrh 

C c m  

ccw 

Crater w a l l ,  r i m  and r a d i a l  m a t e r i a l s  o f  small b r i g h t  h a l o ,  impac t ( ? )  craters 

o f  pos t -Mess i e r  age.  High albedo. 

Smooth ( s )  and rough ( r )  m a r e - l i k e  materials o f  pos t -Mess i e r  age.  Low a lbedo.  

Smooth materials are developed  i n  t o p o g r a p h i c a l l y  low areas i n  Messier c r a t e r  

r i m  materials. Rough m a t e r i a l s  are i n  f l o o r s  o f  Mess i e r  c r a t e r s .  

Ray material  a p p a r e n t l y  d e r i v e d  from p r e v i o u s l y  b r e c c i a t e d  w a l l  m a t e r i a l s  o f  

p a r t l y  d e s t r o y e d  crater o f  E r a t o s t h e n i a n  age .  High a lbedo .  

R a d i a l  c r a t e r  r i m  m a t e r i a l s .  D i scon t inuous  low ropy r i d g e s  and s h a r p  fu r rows  

t h a t  l i e  r a d i a l  t o  s u b - r a d i a l  t o  t h e  c r a t e r s  and are p r e f e r e n t i a l l y  d i s t r i -  

bu ted  i n  a n o r t h - s o u t h  d i r e c t i o n ,  normal t o  t h e  long  axes  of t h e  c r a t e r s .  

Low t o  i n t e r m e d i a t e  a lbedo .  

Crater r i m  material. Mos t ly  smooth b u t  l o c a l l y  f i n e l y  b locky and topograph i -  

c a l l y  i r r e g u l a r  i n  small s c a l e  r e l i e f .  Low t o  i n t e r m e d i a t e  a lbedo .  L o c a l l y  

a p p e a r s  t o  be d i f f u s e l y  darkened. 

Gen t ly  hummocky t o  l o c a l l y  smooth r i m  materials. Low t o  i n t e r m e d i a t e  a lbedo .  

Appears d i f f u s e l y  darkened .  

Hummocky t o  l o c a l l y  smooth material t h a t  man t l e s  t h e  w a l l  and f l o o r  o f  t h e  

p a r t l y  d e s t r o y e d  E r a t o s t h e n i a n  c r a t e r  i n  Messier A ,  and t h e  wes t  w a l l  and 

f l o o r  o f  Messier. Low t o  i n t e r m e d i a t e  a lbedo .  Appears d i f f u s e l y  darkened .  

Analogous t o  Ccrh ,  b u t  l ies w i t h i n  t h e  craters .  

Crater w a l l  m a t e r i a l  showing b l a s t ( ? )  p a t t e r n .  P robab ly  b r e c c i a t e d .  High 

a lbedo .  

E r a t o s t h e n i a n  System 

Ewf Wall and f l o o r  ( ? >  m a c e r i a l  of p a r t l y  d e s t r o y e d  E r a t o s t h e n i a n  c r a t e r  o f  

Messier A. High a lbedo .  

Emr(?) Rough(?) m a r e - l i k e  material i n  f l o o r  o f  Messier B. Low a lbedo .  

Ers Smooth r i m  m a t e r i a l  o f  Mess ie r  B and S e c c h i  K. Low a lbedo .  M a t e r i a l s  c r o p  

o u t  a s  prominent d a r k  l a y e r s  i n  upper  p a r t  of c r a t e r  w a l l s .  

Ew Wall m a t e r i a l s  o f  Mess i e r  B and S e c c h i  K. I n t e r m e d i a t e  t o  modera t e ly  h igh  

a lbedo .  

Imbr ian  System 

Ipm Mare m a t e r i a l  of  P r o c e l l a r u m  Group. Low a lbedo .  

1 3  



14 



1 5  



Messier A i s  a double t  crater ( f i g .  2).  On t h e  east  i t  con- 

s i s t s  of a younger, s l i g h t l y  e l l i p t i c a l  crater t h a t  i s  enclosed 

by dark r i m  materials; on the  w e s t  i t  c o n s i s t s  of a p a r t l y  c i r -  

cu la r  o l d e r  crater,  t h e  e a s t e r n  p a r t  of which i s  missing. Small  

patches of high-albedo w a l l  and f loo r (? )  m a t e r i a l  are exposed i n  

the  o lder  crater where dark  material a s soc ia t ed  wi th  the  younger 

crater has f a i l e d  t o  completely mantle s t e e p  s lopes .  A p a i r  of 

b r igh t  rays  extend more than 120 km westward ac ross  Mare Fecundi- 

t a t i s  t o  the  colombo uplands. 

Messier A ,  and i f  extended t o  the  c r a t e r ,  i n t e r s e c t  a p a r t  of  

the  c r a t e r  formerly occupied by now missing w a l l  materials of  t he  

o lder  crater.  The fo rce  of t he  younger c r a t e r i n g  event  w a s  ap- 

parent ly  cons iderable ,  and the  c r a t e r i n g  event  seems t o  have been 

e s s e n t i a l l y  instantaneous.  The east  w a l l  of the  o l d e r  crater w a s  

breached and i t s  w a l l  material was e j e c t e d  westward as two j e t s  

of b r igh t  ray  material. 

r i s e  t o  the doublet  appearance i s  ptobably due t o  a lack  of 

e jec ta .  This may be  explained i f ,  i n  the  process of excavat ion 

of t h e  p re-ex is t ing  crater wa l l  material, p a r t  of the  explos ion  

broke through i n t o  the o lde r  crater and the  crater w a l l  materials 

on e i t h e r  s i d e  of the  breach were detached as sepa ra t e  f l a p s  of 

e jec ta .  This e j e c t a ,  a l r eady  brecc ia ted  and of  r e l a t i v e l y  high 

albedo, re ta ined  i t s  albedo and w a s  no t  darkened, as were r i m ,  

r a d i a l  r i m ,  and f a l lback (? )  materials. It thus w a s  no t  involved 

i n  the d i f f u s e  darkening and apparent  comminution of materials 

which were excavated from the Messier and Messier A (younger pa r t )  

c r a t e r s  and deposi ted as r i m  materials. The Messier ejecta is  

dark,  a l though materials of the  crater w a l l s  d i s p l a y  moderately 

high albedo under full-moon i l l umina t ion  ( f i g .  1).  F i e l d  re- 

l a t ions  suggest t h a t  b recc ia ted  high-albedo lunar  material, i n  

t he  process of becoming e j e c t a ,  w a s  d i f f u s e l y  darkened by the  in- 

vasion of some fore ign  material. Br ight  material i n  the  double t  

rays probably escaped invasion because it  lacked confinement 

where i t  res ided  i n  the  w a l l  of the  o lde r  crater,  which allowed 
i t  to be  blown ou t  a long a low t r a j e c t o r y  before  invasion of fo r -  

e ign  materials could occur. 
16  
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The h i a t u s  i n  ray  material t h a t  g ives  



The smoothness and the darkness of c r a t e r  r i m  and mantling 

materials of t h e  Messier c r a t e r s  may be a t t r i b u t a b l e  t o  composi- 

t i o n a l  and phys ica l  c h a r a c t e r i s t i c s  of the impacting material. 

Energies are i n f e r r e d  t o  have been high r e l a t i v e  t o  the depth of 

b u r s t  because even material on the c r a t e r  r i m  crest  appea r s  thor-  

oughly comminuted. This is i n  marked c o n t r a s t  t o  the rubbly and 

blocky c h a r a c t e r  of c r a t e r  rim materials of b r i g h t  h a l o  c r a t e r s ,  

f o r  example, Censorinus i n  t h e  Colombo uplands; materials i n  such 

b r i g h t  ha lo  c r a t e r s  have undergone l i t t l e  apparent  darkening du r ing  

b r e c c i a t i o n  and e j e c t i o n .  I n  Messier and Messier A (younger p a r t ) ,  

the  s t r e n g t h  of the impacting m a t e r i a l  is  i n f e r r e d  t o  have been 

low, and the material must have been e a s i l y  d i f f u s i b l e  f o r  i t  t o  

have thoroughly invaded the brecciated bedrock t h a t  w a s  excavated 

from the s i tes  of t h e  c r a t e r s .  The type of impacting material t h a t  

seems t o  b e s t  meet these  general  requirements i s  low-density 

vo la  t i le  - r i c  h come t a r y  mater i a  1. 
F i e l d  r e l a t i o n s  suggest t h a t  Messier and Messier A (younger 

p a r t )  are of t h e  same o r i g i n  and, because of t he  apparent l ack  of 

overlap r e l a t i o n s ,  a r e  t h e  same age. I f  t h i s  i s  t r u e ,  t h e  impact- 

ing material may have o r i g i n a t e d  from a pa ren t  body t h a t  had s p l i t  

before  impact. The extremely e l l i p t i c a l  o u t l i n e  of Messier and t h e  

s l i g h t l y  e l l i p t i c a l  o u t l i n e  of Messier A (younger p a r t )  then might 

be explained as the r e s u l t  of a grazing o r  low-angle impact. The 

b o l i d e s  could have approached e i t h e r  from the e a s t  o r  the west,  

which would suggest a cometary nucleus i n  a short-per iod o r b i t .  

Other dark and intermediate  halo c r a t e r s . - - I n  t h e  Colombo 

quadrangle,  o t h e r  you th fu l  c r a t e r s  are recognized t h a t  are enclosed 

by halos  of low t o  intermediate  albedo material. 

Messier B,  l i es  a few t ens  of kilometers n o r t h  of Messier. It has 

been c l a s sed  as Era tos then ian  i n  age on the  b a s i s  of i t s  topographi- 

c a l l y  subdued c r a t e r  r i m  materials. 

F e c u n d i t a t i s  reveal t h a t  s e v e r a l  subdued craters,  comparable i n  

s i z e  t o  the Messier craters, e x h i b i t  d a r k  l a y e r s  i n  t h e  uppermost 

parts of t h e i r  walls. 

as Era tos then ian  craters of unce r t a in  o r i g i n ,  b u t  the d a r k  l a y e r s  

and the  smoothness of t h e i r  crater  r i m  materials suggest t h a t  they 

One of t hese ,  

O r b i t e r  photographs of Mare 

A t  t h i s  t i m e ,  t h e s e  have been c l a s s e d  simply 
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are similar i n  o r i g i n  t o  the Messier craters; thus ,  d a r k  h a l o  cra- 

ters of p o s s i b l e  cometary o r i g i n  may form an  important p a r t  of t he  

c r a t e r  population. Analogous craters a l s o  appear t o  be p re sen t  i n  

the  colombo uplands ( E l s t o n ,  unpub. map). Mapping has  revealed a t  

least  three you th fu l  craters,  comparable i n  s i z e  o r  s l i g h t l y  l a r g e r  

than the Messier craters,  t h a t  are enclosed by ha los  of i n t e r -  

mediate a lbedo material. The g ray i sh  ha los  and l o c a l l y  g ray i sh  

r i m  ma te r i a l  are d i s c e r n i b l e  because uplands materials t h a t  border  

t he  halos are i n t r i n s i c a l l y  higher  i n  albedo. 

A number of young l a r g e  c r a t e r s  o u t s i d e  the Colombo quadrangle 

e x h i b i t  d i f f u s e l y  darkened halos  i n  t h e i r  r i m  materials, o r  anom- 

a l o u s l y  da rk  ray materials. Dark ha los  appear ,  f o r  example, i n  

r i m  ma te r i a l s  of Tycho, A r i s t a r c h u s ,  Anaxagoras, Euctemon, and 

poss ib ly  Proclus ( f i g .  1). Near the western margin of Mare Tran- 

q u i l l i t a t i s ,  l i g h t  and da rk  ray materials extend from the  c r a t e r  

Dionysius (Morris and Wilhelms, 1967). 

A d i f f u s e l y  darkened ha lo  i n  the  r i m  materials of t he  c r a t e r  

Tycho ( f i g .  1) only l o c a l l y  extends t o  the  c r a t e r  r i m .  The darken- 

ed m a t e r i a l  thus does n o t  form a u n i t  t h a t  crops ou t  i n  the  crater 

w a l l ,  as  would a d i sp laced  inve r t ed  s t r a t i g r a p h i c  u n i t .  Rather,  

t he  halo,  which appears f a i r l y  smooth, d i f f u s e l y  darkened, and 

ou t  of focus i n  f i n e  s u r f a c e  d e t a i l  i n  Lunar O r b i t e r  I V  and V 

photographs, i r r e g u l a r l y  e n c i r c l e s  t h e  c r a t e r  r i m ,  commonly a t  

some v a r i a b l e  d i s t a n c e  from the r i m  crest .  The inne r  and o u t e r  

margins of t h e  ha lo  grade unevenly i n t o  more t y p i c a l  uplands mate- 

r i a l s  of higher  albedo. 

ejecta of t he  dark ha lo  would have been i n  o r  nea r  the path of 

pene t r a t ion  of t h e  impacting bo l ide  and thus would have been i n  

the  region o f  mixing during impact. F i e l d  r e l a t i o n s  thus suggest  

t h a t  excavation of Tycho extended beyond the region of i n t e n s e  

mixing o f  b o l i d e  and country rock. 

I n  the  o r i g i n a l  preex.cavation p o s i t i o n ,  

P o t e n t i a l  reserves around Tycho.--If material of t he  d i f f u s e -  

l y  darkened h a l o  of Tycho is  analogous t o  water- and rare gas- 

bearing polymict me teo r i t e  b r e c c i a s  t h a t  are i n f e r r e d  t o  have been 
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invaded by carbonaceous me teo r i t e  material, a l a r g e  p o t e n t i a l  de- 

p o s i t  of water-bearing rock may e x i s t  around Tycho, 

would be h igh ly  crushed and b recc ia t ed  and would be ready f o r  s t r i p  

mining, b e n e f i c i a t i o n ,  and e x t r a c t i o n  of v o l a t i l e s  by mechanized 

and l a r g e l y  automated methods’. The d i s t r i b u t i o n  of t he  d i f f u s e l y  

darkened h a l o  material can be ou t l ined  on r e c t i f i e d  luna r  atlas 

p l a t e  24-C (Whitaker and o t h e r s ,  1963). I f ,  conse rva t ive ly ,  the 

d i f f u s e l y  darkened rock i n  the  halo con ta ins  1 weight pe rcen t  H 0 2 
i n  a l a y e r  2 meters t h i c k ,  reserves  of water-bearing material 

would amount t o  about 40 km , con ta in ing  about 0.8 km ( o r  0 .8  x 

10 l2  liters) of water. 

material undoubtedly is  much g r e a t e r  than 2 meters throughout 

much of t he  ejecta b l anke t ;  t hus ,  reserves could ve ry  w e l l  be much 

g r e a t e r .  Also ,  i t  may no t  be unreasonable t o  expect carbon-r ich,  

high-grade lodes of water-bearing b r e c c i a s ,  which could con ta in  

on the  o rde r  of 5 t o  perhaps 10 weight pe rcen t  H 0 where hydrated 

pa ren t  material (carbonaceous l aye r  l a t t i c e  s i l i ca t e  material) is 

abundant. 

The materials 

3 3 

The thickness  of t he  d i f f u s e l y  darkened 

2 

The development of an e j e c t a  blanket  con ta in ing  hydrated s i l i -  

c a t e s  der ived from a cometary bo l ide  a l s o  might be accompanied by 

the development of a permafrost  layer.  This is  suggested because 

i t  is u n l i k e l y  t h a t  the free v o l a t i l e s  of a comet could be e n t i r e l y  

d i s s i p a t e d  du r ing  c r a t e r i n g  o r  b e  l o s t  from t h e  b r e c c i a t e d  e j e c t a  

be fo re  the  e j e c t a  came t o  rest as c r a t e r  r i m  materials. A perma- 

f r o s t  l a y e r  could conceivably form more r e a d i l y  i f  impact occurred 

du r ing  t h e  lunar  night .  The uppermost p a r t s  of a permafrost  l a y e r  

would probably be l o s t  du r ing  succeeding luna r  days as the  upper 

s u r f a c e  w a s  turned over by small-scale  p a r t i c l e  bombardment of t he  

su r face .  The deeper p a r t s  might remain f o r  some t i m e ,  subl imat ing 

mainly where the ejecta b lanke t  was pene t r a t ed  and turned over by 

r e l a t i v e l y  l a rge - s  i zed  impacts. 

Empirical  s t u d i e s  of t he  behavior of water i n  a vacuum, a lone  

and mixed wi th  b a s a l t i c  sand, have shown t h a t  water, when i n t r o -  

duced i n t o  a vacuum, coo l s  r a p i d l y  u n t i l  i t  f r e e z e s ,  and t h a t  f o r  
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each gram of l i q u i d  evaporated approximately 7 grams f r e e z e  (J. R. 

Bruman, personal  commun. , 1968). Thus , v o l a t i l e s  d r i v e n  i n t o  

b recc ia t ed  e j e c t a  as l i q u i d s  and gas a t  t h e  t i m e  of an impact may 

ve ry  wel l  f r eeze  i n t o  a r a t h e r  s p e c i a l  type of permafrost ,  which 

from t h e  i n f e r r e d  composition' of comets, might c o n s i s t  of water, 

ammonia, and methane. Bruman r e p o r t s  t h a t  i n  a vacuum, ice cover- 

ed by a l a y e r  o f  b a s a l t  sand 75 mm t h i c k  sublimated a t  depth when 

the  su r face  of t h e  capping b a s a l t  sand w a s  heated.  This r e s u l t e d  

i n  the formation of f r o s t  a t  t h e  s u r f a c e ,  a l though t h e  s u r f a c e  

temperature w a s  65°C. A f t e r  about 80 minutes the  ice w a s  complete- 

l y  melted and a void developed between the  l i q u i d  and t h e  over- 

l y ing  cap of b a s a l t  sand. 

explosion. A l l  t h a t  w a s  l e f t  were 20-30 mm high bulbous columns 

of f rozen mud i n  the  bottom of the  container .  Small e rup t ions  

occurred through 1 -2 mm fumarole- 1 ike  openings i n  the  columns. 

This w a s  s h o r t l y  followed by a v i o l e n t  

"Cold volcanism" may occur on the  moon. The "ponds" of 

smooth, da rk  mare-like material i n  the  r i m  materials of t h e  Messier 

craters, and the p l a i n s - l i k e  materials t h a t  occupy depres s ions  i n  

the  r i m  materials of Tycho, may be the  r e s u l t  of degassing of 

ejecta r a t h e r  than a product of endogenetic h o t  volcanism. Also, 

t he  syrupy, f l owl ike  s t r u c t u r e  i n  the  Tycho ejecta may have been 

p a r t l y  due t o  f l u i d s  i n  the b r e c c i a  a t  the t i m e  of i t s  emplacement. 

That flowage and flows need not  be the r e s u l t  of endogenetic vol-  

canism is suggested by t h e  f lowl ike  c h a r a c t e r  of d e p o s i t s  t h a t  

appea r  t o  emanate from d i f f u s e l y  darkened e j e c t a  i n  the r i m  m a t e -  

r ials of Messier A ( f i g .  2c). 
I f  e x p l o i t a b l e  permafrost  d e p o s i t s  of cometary o r i g i n  do e x i s t ,  

they should be found i n  and near  d i f f u s e l y  darkened r i m  materials 

of young, l a rge  da rk  ha lo  c r a t e r s .  The e x i s t e n c e  of permafrost  

depos i t s  might even make the  e x t r a c t i o n  of water from l a y e r - l a t t i c e  

s i l i c a t e  materials unnecessary. 

Summary 

Circumstant ia l  evidence deduced from the me teo r i t e s  and ex- 
t r apo la t ed  t o  f i e l d  r e l a t i o n s  on the  luna r  s u r f a c e  l eads  t o  a 
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model f o r  c r a t e r i n g  of t he  lunar  su r face  by cometary materials, 

and t o  the in fe rence  t h a t  v o l a t i l e s  der ived from such impacting 

material may occur i n  d i f f u s e l y  darkened, smooth ejecta around 

such c r a t e r s .  

l y  l a r g e  source of water, a n d ' f i e l d  evidence i n  t h e  Colombo quad- 

r a n g l e  suggests  t h a t  many o the r  p o t e n t i a l  d e p o s i t s  of water-bearing 

b r e c c i a  e x i s t  on the lunar  su r face .  

The e j e c t a  around Tycho may c o n s t i t u t e  a p o t e n t i a l -  

Planning f o r  extended exp lo ra t ion  of space should include the  

p o s s i b i l i t y  of e s t a b l i s h i n g  a lunar base t h a t  could u t i l i z e  a 

source of cometary-introduced v o l a t i l e s  a t  the lunar  surface.  Ex- 

p l o r a t i o n  f o r  s i tes  s u i t a b l e  f o r  a major base f a l l s  i n t o  two cate- 

g o r i e s :  (1) ear th-based s t u d i e s  which would include geologic  map- 

ping on medium- and h igh - re so lu t ion  O r b i t e r  photographs of craters 

t h a t  may be analogous t o  the  Messier and Tycho c r a t e r s ,  and a moon- 

wide compilation of such c r a t e r s  ; crater-modeling s t u d i e s  on t h e  

p re se rva t ion  of water i n  l aye r  l a t t i c e  s i l i c a t e s  i n  b r e c c i a s ,  and 

i n v e s t i g a t i o n s  on the  p o s s i b l e  development of permafrost  i n  ejecta 

b l a n k e t s ;  development of models a n t i c i p a t i n g  the composition of 

v o l a t i l e s  entrapped i n  b r e c c i a s ,  der ived from compositional d a t a  

on me teo r i t e s  and comets; and, ( 2 )  lunar  f i e l d  e x p l o r a t i o n ,  which 

would e n t a i l  d i r e c t  geologic  examination and sampling; such ex- 

p l o r a t i o n  may w e l l  have use  f o r  a d r i l l  t o  test  f o r  permafrost .  
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